A novel fault-tolerant control method based on the equivalent substitution of voltage space vector for cascaded H-bridge multilevel inverter with current-tracking is proposed in this paper. With this method, the fault effects on the voltage vector of each sector of the cascaded inverter is analyzed first. Then, an algorithm to substitute the voltage vector in fault state is developed.
Introduction
Multilevel inverters with current-tracking are widely used in high voltage and large capacity active power filtering and reactive power compensation [1] . However, there are many power electronic components in this topology and the probability of failure are much higher [2] . Once the fault occurs, both the fault location and fault type are diagnosed by fault diagnosis [3] , including open-circuit fault [4] and short-circuit fault [5] . The fault-tolerant control is performed on this.
According to the topology, the researches on fault-tolerant control of multilevel inverter are mainly as follows: Fault-tolerance of neutral point clamped (NPC) inverter [6] , fault-tolerance of cascaded inverter [7] , fault-tolerance of flying capacitor inverter [8] , fault-tolerance of hybrid NPC four-leg inverter [9] , and fault-tolerance of T-type inverter [10] , etc. For all of these, the fault-tolerant control of cascaded multilevel inverters can be divided into hardware method and software method.
The hardware method usually requires the spare cascaded units [11] or other auxiliary modules [12, 13] in the topology. The fault-tolerant control of cascaded inverter based on N + 1 redundancy is widely used [11, 12] . Besides the series of the original N units of the cascaded inverter, one or more spare units are added to each phase. The fault-tolerant control method is proposed based on a three-phase voltage-source inverter is added as an auxiliary module in the cascaded inverter in [13] . An additional module is added to the load-side of the cascaded inverter, which can flexibly carry out structure recombination according to different faults to achieve fault-tolerance in [14] . Because the inverter works in non-fault state, the hardware method wastes spare unit and makes the topology more complicated.
The software method realizes fault-tolerant control through the algorithm and does not need to change the topology of the cascaded inverter. It can save the cost of hardware and simplify the topology. The researches of software method mainly include the following three types:
(1) Short-circuiting the faulty unit and working in the state of reduced-capacity: This method is suitable for single-phase cascaded inverter [15] . In addition to short-circuiting the faulty unit, the non-faulty units corresponding to the faulty unit in the other two phases are also normally shielded in the three-phase inverter [16] . However, some non-faulty units are not fully utilized and there is a waste of hardware resources. The seven-level cascaded inverter was taken as an example in [17] to prove that in this fault-tolerant control, the effective output voltage amplitude of the inverter fell from 5.19Vdc in non-fault state to 3.46 Vdc in fault state, where Vdc was the DC-link voltage of the cascaded unit. (2) Neutral Point Shift (NPS): This method can implement fault-tolerant control in the case of only bypassing fault units [18] . The NPS is mostly used for control algorithms with modulated waves, which is not suitable for the method in this paper. With the NPS approach, the low-order harmonic and other issues can be rising [19] . (3) Adjusting the DC-link voltage of the inverter: The DC-link voltage of the non-faulty unit in the fault phase was raised to the original 2N/(2N − 1) times in [20, 21] and the fault-tolerant control was performed on the basis of this. But the method is only suitable for the case where the DC-link voltage is controllable, and the voltage stress of the power electronic component can be increased. Therefore, a fault-tolerant control method combining NPS with the adjustment of DC-link voltage was proposed in [22, 23] , which can reduce the voltage stress of the power electronic component under the fault state. With this method, the increase of the DC-link voltage changes the position of the voltage vectors, which makes the selection algorithm of voltage vector complex.
There are many voltage vectors in cascaded inverter and their positions are often coincident or very close. In the fault state, if the voltage vector selected by the original algorithm cannot be used normally, it can be replaced by the redundant voltage vector of position coincidence or by other vectors whose position and effectiveness are close to it. To our best knowledge, there is no study using voltage vector equivalent substitution to achieve fault-tolerant control of cascaded multilevel inverter.
In summary, a fault-tolerant control method based on voltage vector equivalent substitution for cascaded H-bridge inverter with current-tracking is proposed. Compared with the hardware method, it does not require spare cascaded unit. Compared with the method in (3), it does not require to change the DC-link voltage of the inverter, either. It can make full use of the remaining non-faulty units to achieve fault-tolerant control in the case of only bypassing the faulty unit. However, the non-faulty units corresponding to the faulty unit in the other two phases are also shielded in the three-phase inverter in (1) . This method is more suitable for cascaded inverter with current-tracking, which does not require the output three-phase voltage with symmetry strictly. Figure 1 shows the topology of 2-class cascaded H-bridge multilevel inverter, which is connected to RL load. The DC-link voltage of the cascaded unit is E. As shown in Figure 2 , the error between the actual value of the output current of the inverter and the reference current is determined by the current hysteresis comparator. The switching states and voltage space vectors of inverter will be selected by the Equations (1)-(3) on the basis of current-tracking error. The "equivalent substitution" of the voltage vector is performed to realize fault-tolerant control in the fault state.
Strategy of Current-Tracking Control
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Electronics 2020, 9, x FOR PEER REVIEW 3 of 10 Let U a , U b , U c be the output voltage values of phases A, B, and C. There are five levels and they are −2E, −E, 0, E, and 2E which correspond to the five states "0, 1, 2, 3, 4" respectively. For example, states "4," "0," and "0" in the voltage space vector "400" represent U a = 2E, U b = −2E, and U c = −2E, where state "4" corresponds to the switching state of phase A as shown in line 2 of Table 1 . The switching states of phase B and phase C can be obtained in the same way. Taking ∆i a ≥ 2h of phase A as an example, it is shown that the current-tracking error of phase A is large and the load current is lower than the reference value and the voltage value 2E should be selected to eliminate the tracking error quickly. The output voltage values of phase B and phase C can be obtained in the same way according to the Equations (2) and (3). There are many switching states for some voltage vectors and levels. Taking U a = 0 V as an example, there are six switching states for it. In [24, 25] , the switching state selection method in this case is proposed based on the principle of minimal change of the switching state, which is not repeated here.
Fault-Tolerant Control Strategy in Fault State
The number of series units of each phase of cascaded H-bridge inverter is N. When an open-circuit or short-circuit fault occurs in the cascaded unit, the faulty unit is first quickly removed and fault-tolerant control is performed.
Analysis of Fault Effect
When m (0 < m < N) units in one phase of the N-class cascaded H-bridge inverter fail, the number of levels in this phase is reduced by 2 m and the effective voltage vectors of some sectors in the voltage vector diagram will be also reduced. When the fault occurs in phase A, B, and C respectively, the influence on the voltage vectors of each sector is shown in Table 2 . In the table, "
√ " indicates that the fault has an effect on the sector and "×" indicates no effect, which does not include the voltage vectors at the sector boundary. The voltage vector that cannot be used normally in the event of a fault is called fault voltage vector. The voltage vector that can be used normally without being affected by the fault is called non-fault voltage vector. Table 2 . The influence of fault in phase A, B, and C.
Taking N = 2 as an example, a voltage vector diagram of non-fault is shown in Figure 3 .
There are many switching states for some voltage vectors and levels. Taking Ua = 0 V as an example, there are six switching states for it. In [24, 25] , the switching state selection method in this case is proposed based on the principle of minimal change of the switching state, which is not repeated here.
Fault-Tolerant Control Strategy in Fault State
The number of series units of each phase of cascaded H-bridge inverter is N. When an opencircuit or short-circuit fault occurs in the cascaded unit, the faulty unit is first quickly removed and fault-tolerant control is performed.
Analysis of Fault Effect
When m (0 < m < N) units in one phase of the N-class cascaded H-bridge inverter fail, the number of levels in this phase is reduced by 2 m and the effective voltage vectors of some sectors in the voltage vector diagram will be also reduced. When the fault occurs in phase A, B, and C respectively, the influence on the voltage vectors of each sector is shown in Table 2 . In the table, "√" indicates that the fault has an effect on the sector and "×" indicates no effect, which does not include the voltage vectors at the sector boundary. The voltage vector that cannot be used normally in the event of a fault is called fault voltage vector. The voltage vector that can be used normally without being affected by the fault is called non-fault voltage vector. 
Taking N = 2 as an example, a voltage vector diagram of non-fault is shown in Figure 3 . When one cascaded unit in phase A fails, there will be no levels of −2E and 2E in phase A, that is states "0" and "4". The voltage vectors corresponding to the 2 states in phase A are fault vectors. The voltage vector diagram in the fault state is shown in Figure 4 . When one cascaded unit in phase A fails, there will be no levels of −2E and 2E in phase A, that is states "0" and "4". The voltage vectors corresponding to the 2 states in phase A are fault vectors. The voltage vector diagram in the fault state is shown in Figure 4 . The fault voltage vector on the dotted line has no non-fault voltage vector that coincides with its position and the fault voltage vector on the solid line has the non-fault voltage vector that coincides with its position. Taking the voltage vector "400" as an example, because of the fault of one unit in phase A, the state "4" cannot occur. In other words, the vector "400" is the fault voltage vector and there is no other non-fault voltage vectors whose positions coincide with it, so that it is on the dotted line. Although the vector "411" is also a fault voltage vector, it can be replaced equivalently because its position coincides with the vector "300". Thus, it is placed on the solid line. Similarly, the voltage vector diagrams can be obtained when one unit fails in phase B or C.
In Figure 2 , if the voltage vector Uk = (x, y, z) selected by (1-3) is the fault voltage vector, the nonfault vector with the position coincidence is preferentially selected for equivalent substitution. If there is not, the other non-fault vector whose position and effect are the closest is selected for substitution. Where x, y, and z are integers greater than or equal to 0.
Strategy for Voltage Vector Substitution
The substitution method of the fault vector is as follows: There are 2N regular hexagons (excluding the midpoint) from the midpoint in the voltage vector diagram of the N-class cascaded H-bridge inverter, which are named H1, H2 … H2N, respectively. Take the fault of m (0 < m < N) units in the phase A as an example.
(1) When the Uk = (x, y, z) is located around the outermost mth regular hexagon in the voltage vector diagram, there is no non-faulty voltage vector with position coincidence to be selected and the method of vector substitution is as follows:
When Uk is in sector I or VI, the voltage vector (x − 1, y, z) is first selected. If the voltage vector (x − 1, y, z) is also the fault voltage vector, the voltage vector (x − 2, y, z) is selected, etc. When Uk is in sector III or IV, the voltage vector (x + 1, y, z) is first selected. If the voltage vector (x + 1, y, z) is also the fault voltage vector, the voltage vector (x + 2, y, z) is selected, etc. It is not affected by the fault when Uk is in the sector II or V.
The larger the number of cascaded units N is, the smaller the errors of phase and amplitude are before and after vector substitution.
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, there is non-faulty voltage vector with position coincidence to be selected and the method of vector substitution is as follows: The fault voltage vector on the dotted line has no non-fault voltage vector that coincides with its position and the fault voltage vector on the solid line has the non-fault voltage vector that coincides with its position. Taking the voltage vector "400" as an example, because of the fault of one unit in phase A, the state "4" cannot occur. In other words, the vector "400" is the fault voltage vector and there is no other non-fault voltage vectors whose positions coincide with it, so that it is on the dotted line. Although the vector "411" is also a fault voltage vector, it can be replaced equivalently because its position coincides with the vector "300". Thus, it is placed on the solid line. Similarly, the voltage vector diagrams can be obtained when one unit fails in phase B or C.
In Figure 2 , if the voltage vector U k = (x, y, z) selected by (1-3) is the fault voltage vector, the non-fault vector with the position coincidence is preferentially selected for equivalent substitution. If there is not, the other non-fault vector whose position and effect are the closest is selected for substitution. Where x, y, and z are integers greater than or equal to 0.
The substitution method of the fault vector is as follows: There are 2N regular hexagons (excluding the midpoint) from the midpoint in the voltage vector diagram of the N-class cascaded H-bridge inverter, which are named H 1 , H 2 . . . H 2N , respectively. Take the fault of m (0 < m < N) units in the phase A as an example.
(1) When the U k = (x, y, z) is located around the outermost mth regular hexagon in the voltage vector diagram, there is no non-faulty voltage vector with position coincidence to be selected and the method of vector substitution is as follows:
When U k is in sector I or VI, the voltage vector (x − 1, y, z) is first selected. If the voltage vector (x − 1, y, z) is also the fault voltage vector, the voltage vector (x − 2, y, z) is selected, etc. When U k is in sector III or IV, the voltage vector (x + 1, y, z) is first selected. If the voltage vector (x + 1, y, z) is also the fault voltage vector, the voltage vector (x + 2, y, z) is selected, etc. It is not affected by the fault when U k is in the sector II or V.
(2) When U k = (x, y, z) is around hexagons j (1 ≤ j ≤ 2N − m), there is non-faulty voltage vector with position coincidence to be selected and the method of vector substitution is as follows:
When U k is in sector I or VI, the voltage vector (x − 1, y − 1, z − 1) is first selected. If the voltage vector (x − 1, y − 1, z − 1) is also the fault voltage vector, the vector (x − 2, y − 2, z − 2) is selected, etc. When U k is in sector III or IV, the voltage vector (x + 1, y + 1, z + 1) is first selected. If the vector (x + 1, y + 1, z + 1) is also the fault voltage vector, the voltage vector (x + 2, y + 2, z + 2) is selected, etc. It is not affected by the fault when the U k is in the sector II or V. In the same way, the method of voltage vector substitution can be obtained when m units in phase B or C are in fault.
As shown in Figure 4 , when one unit in phase A of 2-class cascaded inverter is in fault, the above method is shown in Table 3 . There are four regular hexagons in the voltage vector diagram of the 2-class cascaded H-bridge inverter, which are named H 1 , H 2 , H 3 , H 4 , respectively. Taking the vector "400" as an example, it is located on the outermost hexagon H 4 in Figure 4 . There is no non-faulty voltage vector with position coincidence to be selected for "400." The voltage vector "300" should be selected according to Table 3 . The switching states of phase A before and after substitution can be seen from Table 1 , where "on" represents turn-on, "off" represents turn-off and the switching state of the faulty unit is represented by "×". 
Similarly, the method of voltage vector substitution is available when one unit is in fault in phase B or C. The more the number of cascaded units is, the more voltage vectors with coincident positions are and the smaller the error of the voltage vector substitution is.
Simulation and Experiment
The experimental system of the 2-class cascaded H-bridge multilevel inverter is shown in Figure 5 . The method is verified and analyzed by Simulink and experimental system. The power electronic component in the inverter is IGBT. The driving circuit adopts IGBT integrated driving module DA962D and the system main control chip adopts 32-bit DSP TMS320F2812. The tracking reference current of the inverter is sine wave. Its amplitude is 4.5 A and frequency is 50 Hz. The hysteresis width h is 0.2A. The DC-link voltage of the cascaded unit is 24 V. Inverter is connected to RL load with R = 10 Ω and L = 5 mH. In the experiment, the oscilloscope is DS1052E and power quality analyzer is HIOKI PW3198.
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Uk at H3 Uk at H2 Uk at H1 Similarly, the method of voltage vector substitution is available when one unit is in fault in phase B or C. The more the number of cascaded units is, the more voltage vectors with coincident positions are and the smaller the error of the voltage vector substitution is.
Simulation and Experiment
The experimental system of the 2-class cascaded H-bridge multilevel inverter is shown in Figure  5 . The method is verified and analyzed by Simulink and experimental system. The power electronic component in the inverter is IGBT. The driving circuit adopts IGBT integrated driving module DA962D and the system main control chip adopts 32-bit DSP TMS320F2812. The tracking reference current of the inverter is sine wave. Its amplitude is 4.5 A and frequency is 50 Hz. The hysteresis width h is 0.2A. The DC-link voltage of the cascaded unit is 24 V. Inverter is connected to RL load with R = 10 Ω and L = 5 mH. In the experiment, the oscilloscope is DS1052E and power quality analyzer is HIOKI PW3198. The simulation waveforms of the inverter are shown in Figure 6 when one unit of the phase A is in fault. The fault occurred in the simulation at 0.1 s. When the fault occurs, it can be seen from Figure 6a that only one unit in A-phase can work properly, which leads to the decrease of levels of ua. As can be seen from Figure 6b ,c that the number of voltage levels of the B-phase and C-phase does The simulation waveforms of the inverter are shown in Figure 6 when one unit of the phase A is in fault. The fault occurred in the simulation at 0.1 s. When the fault occurs, it can be seen from Figure 6a that only one unit in A-phase can work properly, which leads to the decrease of levels of u a . As can be seen from Figure 6b ,c that the number of voltage levels of the B-phase and C-phase does not change. But the probability of the levels of 2E and −2E in the waveform is higher than that before the fault.
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Conclusions
A fault-tolerant control method based on the equivalent substitution of voltage vector for cascaded H-bridge multilevel inverter with current-tracking was proposed. The effect of fault on the voltage vector of each sector of the cascaded inverter is analyzed and a method of voltage vector substitution in fault state is proposed to achieve fault-tolerant control. Simulation and experimental results show that by using the proposed method, the actual current value can track the reference value in fault state. The method does not require redundant cascaded units. It can reduce the size and simplify the main circuit and can be applied to any class cascaded H-bridge multilevel inverter with current-tracking. It can be tried to apply this method to active power filter and STATCOM in the next step to improve its reliability. Figure 11 . The simulated waveforms of THD for i a .
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